INTRODUCTION
============

Accelerated tissue regeneration is a crucial criterion in the success of regenerative medicine applications, yet it remains challenging to achieve. Some level of progress has been made using tissue grafts, as well as delivering biological cues such as genes and growth factors directly, or via stem cell transplantation ([@R1], [@R2]). However, in vivo studies and clinical trials have highlighted the need for extended recovery periods before satisfactory outcomes can be observed with such regenerative medicine approaches ([@R3]). Furthermore, some of these strategies have been plagued by complications that include ectopic tissue formation and tumor development ([@R4]). Hence, there is an unmet need for "off-the-shelf" scaffolds tailored to present appropriate biological cues to increase the rate of tissue regeneration in a controlled and safe manner.

Energy metabolism serves a vital role in tissue repair and regeneration. Adenosine triphosphate (ATP) represents the principal source of cellular energy with roles in numerous biological processes. It has been suggested that engineering the modulation of oxidative metabolism to increase cellular ATP levels could help address the high energetic requirements associated with enhanced anabolic biosynthesis, mitosis, and migration involved in tissue repair/regeneration ([@R5]). Recent progress in cellular bioenergetics (CBE) has highlighted the potential of approaches that allow the delivery of bioenergy for therapeutic purposes ([@R6]--[@R10]); however, these applications only provide benefits in in vitro models or relatively thin superficial tissues such as skin when continuously administered. To date, a three-dimensional (3D) scaffold with long-term bioenergetics effects that can stimulate the repair of critical size defects in complex tissues such as bone remains elusive. This is in large part the result of an inability to improve the stability and associated activity of ATP with the use of existing scaffold fabrication techniques, concurrent with the susceptibility of ATP to the physiological milieu.

In this study, we develop strategy to produce a bioenergetic scaffold that is simple and easy to implement for enhanced bone regeneration. The methodology presented here takes advantage of a precisely tailored degradable material \[i.e., bioenergetic-active material (BAM)\], with appropriate degradation properties for bone repair applications, which allow the release of degradation fragments in a controlled manner ([Fig. 1A](#F1){ref-type="fig"}). The released fragments could be internalized via cell endosomes and subsequently hydrolyzed to produce metabolic intermediates, which further enter the mitochondria via transport proteins to take part in the tricarboxylic acid (TCA) cycle, elevating mitochondrial membrane potential (ΔΨm) and subsequently accelerating bone regeneration ([Fig. 1B](#F1){ref-type="fig"} and fig. S1).

![Proposed effect of BAM scaffold degradation on tissue regeneration.\
(**A**) Schematic of the chemical structures and proposed in vitro or in vivo degradation mechanism of BAMs. (**B**) Potential mechanism of degradation fragments mediated bioenergetic effects for enhanced bone regeneration. (**C**) Representative scanning electron microscopy image (left), as well as longitudinal section (middle) and pseudo-color 3D (right) micro--computed tomography images, showing the uniform and interconnected pore structure of a typical BAM scaffold, with pore diameters ranging from 150 to 250 μm. α-KG, α-ketoglutarate; NADH, reduced form of NAD^+^.](aay7608-F1){#F1}

RESULTS
=======

Scaffold physicochemical characterization and degradation profile
-----------------------------------------------------------------

We first synthesized poly(glycerol succinate) prepolymers with a range of ethanediol substitution concentrations (PGES) and performed a systematic investigation of the physicochemical properties of these molecules and the BAM scaffolds produced with these building blocks (detailed results are shown in figs. S2 and S3). To test the ease of processing of these polymers, we fabricated a series of scaffolds with various shapes using a particulate leaching methodology. Scanning electron microscopy (SEM) imaging revealed that the porous scaffolds had interconnected pores and a pore size distribution between 150 and 250 μm ([Fig. 1C](#F1){ref-type="fig"} and fig. S4). The porosity was approximately 89%, as determined by solvent replacement, which can be beneficial for bone ingrowth and tissue vascularization. Longitudinal sections and reconstructed 3D and pseudo-colored micro--computed tomography (micro-CT) images showed uniform pore morphologies within BAM scaffolds ([Fig. 1C](#F1){ref-type="fig"}).

To examine the hydrolytic degradation properties of BAM scaffolds, weight loss over time was determined for a period of 12 weeks after immersion in phosphate-buffered saline (PBS). The degradation of BAM scaffolds was tailored to achieve a zero-order kinetic profile (within the confines of the experimental conditions) by controlling the degree of polymerization and cross-linking density in the network, with BAM60 showing a significantly higher rate of degradation. After 4 weeks, weight loss in different BAM scaffolds was between 10 and 30%. The degradation rate remained relatively constant over the following 8 weeks, resulting in approximately 40 to 60% weight loss at 12 weeks ([Fig. 2A](#F2){ref-type="fig"}). This degradation rate was considerably higher than that observed for poly(lactic) acid (PLA) ([@R11]), as well as results for analogous polymers reported by others ([@R12]). This is likely due to the molecular structure of BAMs (relatively low molecular weight and hydrophilic properties; figs. S2 and S4).

![Morphological and biological characterization of BAM scaffolds.\
(**A**) Degradation profiles for BAM scaffolds in PBS. By controlling the degree of polymerization and density of cross-linking in the polymer network, a zero-order kinetic profile was achieved (within the confines of the experimental conditions), resulting in approximately 50% weight loss at 12 weeks. Values are expressed as means ± SD. \**P* \< 0.05 (significant differences between BAM60 and other tested groups). a.u., arbitrary units. (**B**) FTIR and (**C**) ^1^H NMR spectra confirming the presence of the TCA metabolite succinate in the degradation solution of BAM scaffold. Absorption peaks at around 2950 cm^−1^ (−CH~2~) and 1730 cm^−1^ (−C═O) in FTIR spectra and absorption peaks between 1.2 and 1.5 parts per million (ppm) (CH~2~) in ^1^H NMR spectra are attributed to succinate molecules. (**D**) Relative rat mesenchymal stem cell (rMSC) proliferation on BAM and PLA membrane at days 1 and 7, as determined by CCK-8. (**E**) F-actin staining of rMSCs on rhodamine B--stained BAM (left) and PLA (right) scaffolds. (**F**) F-actin staining of rMSCs on BAM membrane. Red, BAM scaffold; green, F-actin (phalloidin); blue, nuclei (4′,6-diamidino-2-phenylindole). (**G**) LIVE/DEAD staining for rMSCs seeded on BAM (left) and PLA (right) scaffolds and quantified using ImageJ (National Institutes of Health software). Statistical analysis: Unpaired two-tailed Student's *t* test. Results in (D) represent the means ± SD of three samples.](aay7608-F2){#F2}

Rhodamine B--stained scaffolds were examined in hydrated state using confocal laser scanning microscopy (CLSM; fig. S5A), and the result indicated that the surface morphology of BAM scaffolds is maintained after immersion in PBS for at least 2 weeks. Maintenance of the structural integrity of BAM scaffolds in vitro is promising for biological applications. SEM was used to investigate the morphological changes in the BAM scaffolds occurring as a result of hydrolysis with time. It revealed that pores with diameters between 100 nm and 2 μm were formed on scaffold walls after immersion in buffered saline for 12 weeks, indicating a surface erosion--mediated degradation mechanism (fig. S5B). The constructs maintained their highly porous structures for the entire duration of the experiment, suggesting that these scaffolds could guide tissue formation and ingrowth during in vivo regeneration. The expected products from the degradation of BAM scaffolds used in this study are succinate, glycerol, glycol, hexamethylenediamine, and CO~2~, all of which are nontoxic or metabolizable. Of specific importance to the scaffold design, the release of succinate, which could be used by cells, was confirmed in the degradation fragments using Fourier transform infrared (FTIR) spectroscopy ([Fig. 2B](#F2){ref-type="fig"}) and proton nuclear magnetic resonance (^1^H NMR; [Fig. 2C](#F2){ref-type="fig"}). In addition, lactic acid was identified in the degradation fluid of PLA scaffolds by FTIR and ^1^H NMR (fig. S5, C and D), and the amount of lactic acid was determined by calculating the weight loss of the PLA scaffolds following a 12-week degradation period.

On the basis of these data, the BAM80 scaffold was used for all further experiments in this study. Its hydrophobic/hydrophilic balance leading to appropriate biocompatibility and an appropriate degradation rate (approximately 50% weight loss in 3 months in vitro) to ensure structural maintenance while continuously releasing degradation fragments were deemed optimal.

Evaluation of cytocompatibility
-------------------------------

To further evaluate the potential of the BAM scaffold for biological applications, we examined its cytocompatibility using rat mesenchymal stem cells (rMSCs), as MSCs play a vital role in tissue regeneration, notably in bone. A large number of studies have used these cells to generate tissue-engineered bone constructs or to evaluate the biocompatibility and osteogenic induction capability of their biomaterials. PLA, a commercially available polymer that has been used in U.S. Food and Drug Administration (FDA)--approved devices, was selected as a control polymer in this work, as its degradation product, lactate, is not directly used in the TCA cycle. The PLA scaffold has similar pore size and porosity to the BAM scaffold due to the use of the same preparation technique. The rMSCs proliferated on both BAM and PLA scaffolds at the same rate. A cholecystokinin-8 (CCK-8) assay showed no significant difference in cell numbers between the two groups at either day 1 or day 7 (*P* \> 0.05; [Fig. 2D](#F2){ref-type="fig"}). The cells exhibited a similar shape on both scaffolds and spread extensively to exhibit spindle-shaped morphologies with extended pseudopodia, as demonstrated by SEM (fig. S6) and CLSM ([Fig. 2, E and F](#F2){ref-type="fig"}). LIVE/DEAD staining revealed that rMSCs maintained similar viability on BAM and PLA scaffolds at day 7 ([Fig. 2G](#F2){ref-type="fig"}). These results suggested that BAM scaffolds have comparable cytocompatibility to those made of PLA.

In vitro metabolite uptake and the effect on TCA cycle
------------------------------------------------------

To investigate the potential of the degradation fragments released from BAM scaffolds for bioenergy production, we incubated cells in testing media (TM) supplemented with degradation fragments obtained from the incubation of scaffolds in PBS for 12 weeks. In total, three groups were tested in this experiment: (i) BAM (degradation fragments of BAM), (ii) PLA (degradation fragments of PLA), and (iii) a blank control.

It was hypothesized that the BAM degradation fragments could be hydrolyzed once internalized by cells, leading to an elevated cellular succinate concentration ([Fig. 3, A and B](#F3){ref-type="fig"}, and fig. S1). To verify the cellular uptake, we treated rMSCs with the different TM for 6 hours, and cellular succinate was measured using a colorimetric assay kit. Our experiments showed a significant increase in the succinate content in cells from the BAM groups ([Fig. 3C](#F3){ref-type="fig"}). We also treated the rMSCs with stable isotope \[^2^H\]--labeled BAM degradation fragments and measured the intracellular metabolite content using liquid chromatography--mass spectrometry (LC-MS). The results confirmed that the deuterated succinate was present in the lysate of deuterated BAM fragment--treated cells, with a significantly higher content than the unlabeled succinate content in untreated cells (fig. S7). Furthermore, deuterated malate was also found in deuterated BAM fragment--treated cells. These results provide direct evidence that the deuterated BAM fragments were internalized by the cells and further hydrolyzed to succinate, which was then metabolized into malate in the TCA.

![BAM degradation products enhance CBE in vitro by fueling the TCA cycle.\
(**A**) General schematic of degradation fragments' uptake by mitochondria. mtDCT, mitochondria dicarboxylic translocator; mbDCT, membrane dicarboxylic translocator. (**B**) Complete breakup of degradation fragments in lysosomes. ATPase, adenosine triphosphatase. (**C** and **D**) Cellular abundances of TCA metabolites in cells treated with TM for 6 hours. Data are relative to the vehicle. FITC, fluorescein isothiocyanate. (**E**) Flow cytometry scatter (dot) plot shows that more cells treated with degradation products in the BAM group (top) are positive for aggregation state (zone F1, high ΔΨm) compared to those in the PLA group (bottom). (**F**) Quantification of flow cytometry data according to the gate outlined in (E) shows the percentage of "high ΔΨm" cells in each group. There are more "high ΔΨm" cells (top) and fewer "low ΔΨm" cells (bottom) in the BAM group. Agg^+^ indicates cells with high ΔΨm and aggregated JC-1 (red fluorescence), Agg^−^ indicates cells with low ΔΨm and no aggregated JC-1, free^+^ indicates cells with low ΔΨm and free JC-1 (green fluorescence), and free^−^ indicates cells with low ΔΨm and no JC-1. (**G**) Related mitochondrial membrane potential as indicated by fluorescence intensity of JC-1. (**H**) JC-1 staining of cells incubated with BAM TM with or without carbonyl cyanide 3-chlorophenylhydrazone (CCCP) for 6 hours. (**I**) Relative intracellular ATP content after cells incubated with indicated TM for 6 hours. Results in (C), (D), (F), (G), and (I) represent the means ± SD (*n* = 3 biological repeats). \**P* \< 0.05, significant differences between BAM and PLA groups. \*\**P* \< 0.01, highly significant differences between BAM and PLA groups.](aay7608-F3){#F3}

Cellular uptake of succinate represents a key prerequisite for raising the metabolic state as a response to the degradation of BAM scaffolds. Next, to monitor the impact of the increased cellular succinate on the TCA cycle, we also tested the abundances of other key metabolites (malate, citrate, and α-ketoglutarate) at steady state. Treatment with degradation fragments in the BAM group led to increased levels of the metabolites in rMSCs compared to treatment with PLA fragments ([Fig. 3, C and D](#F3){ref-type="fig"}). Since lactate does not directly participate in the TCA cycle, we did not observe any significant changes in the abundance of any metabolite between the PLA and blank control groups. The metabolic profiling of treated cells indicates that the fragments in the BAM group can effectively alter the TCA flux following 6 hours of incubation.

Metabolism elevation by ΔΨm
---------------------------

ΔΨm is a direct chemical driving force for ATP generation in cells and represents CBE status. To investigate the impact of increases in cellular succinate contents on the oxidative metabolic state of cells, a cationic indicator for ΔΨm--5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenz-imidazolylcarbocyanine iodide (JC-1)--was used in the study. The membrane potential can be monitored over time using this dye such that it is entrapped and concentrated in mitochondria with high ΔΨm, where it emits red fluorescence (aggregation state: λ~ex~/λ~em~ = 585/590 nm) and released into the cytoplasm for low ΔΨm and green fluorescence (free state: λ~ex~/λ~em~ = 514/529 nm) ([@R13]). After treatment for 6 hours, the red fluorescence in the BAM group was considerably augmented in rMSCs, with the fluorescence intensity higher than that of the PLA group (fig. S8). This result indicates that a higher ΔΨm was elicited by the presence of the BAM degradation fragments compared to that found in the PLA groups.

Consistent with our qualitative data, fluorescence-activated cell sorting (FACS) showed that there are significantly more cells with high ΔΨm when treated with the BAM degradation fragments compared to control groups ([Fig. 3, E and F](#F3){ref-type="fig"}), with a notably increased mean fluorescence intensity ([Fig. 3G](#F3){ref-type="fig"}), indicating a raised energy state. Succinate treatment can facilitate flavin adenine dinucleotide (reduced form, FADH~2~) and nicotinamide adenine dinucleotide (reduced form, NADH) formation in the TCA, which subsequently generate a higher proton gradient (i.e., ΔΨm) through oxidative phosphorylation ([@R14], [@R15]). However, neither treatment can rescue the impaired ΔΨm level caused by preincubation of cells in glucose-free medium for 24 hours before the experiment, as evidenced by the dispersed green fluorescence observed inside the cells (fig. S8). This result highlights the fact that the degradation fragments do not directly act as a "fuel" source. Rather, they act as a "mediator" to remodel the TCA reactions because succinate is likely transported into mitochondria by the dicarboxylate translocators located in the membrane as indicated by others ([@R16], [@R17]), which requires an intramitochondrial metabolite (i.e., other dicarboxylate) as a substrate to exchange with the succinate molecule, resulting in no net fuel/metabolite acquisition.

In addition, the up-regulated energy metabolism resulting from the internalization of BAM fragments can be inhibited by the uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP), as shown in the microscopy images of JC-1 staining (ΔΨm) of cells treated with BAM TM with or without CCCP ([Fig. 3H](#F3){ref-type="fig"}). To investigate the ultimate bioenergetic effect of the BAM degradation fragments, intracellular ATP levels were measured using an ATP colorimetric assay kit. In accordance with the above data, significantly more intracellular ATP was measured in the BAM group when compared with PLA and blank controls ([Fig. 3I](#F3){ref-type="fig"}). However, CCCP significantly reduced the ATP production in the BAM-CCCP group, as the respiratory chain inhibitor lowered ΔΨm and weakened the driving force of ATP synthase by facilitating ion leak across the inner mitochondrial membrane ([@R18]).

Together, these cellular metabolism studies indicated that degradation fragments of BAM can elevate ΔΨm ([Fig. 3, E to G](#F3){ref-type="fig"}) via taking part in the TCA cycle ([Fig. 3, C and D](#F3){ref-type="fig"}, and fig. S1) to generate increased levels of ATP ([Fig. 3I](#F3){ref-type="fig"}). These findings highlight the potential of BAMs as a means to increase the energetic input available for tissue repair applications.

In vitro osteogenesis enhanced by BAM
-------------------------------------

It has been reported that increased extracellular ATP can enhance the in vitro osteogenic differentiation through autocrine/paracrine signaling mediated by purine receptors, such as P2X4 and P2X7 ([@R19]--[@R22]). To investigate the effects of increased metabolic level on osteogenesis in vitro, we conducted cell differentiation studies using osteogenic medium (OM) supplemented with different degradation fragments in the presence or absence of respiratory chain inhibitor. The results showed that osteogenesis of rMSCs was enhanced by degradation fragments in the BAM group compared to that in the PLA group, as revealed by increased Alizarin red S (ARS) staining ([Fig. 4A](#F4){ref-type="fig"}) and alkaline phosphatase (ALP) activity ([Fig. 4B](#F4){ref-type="fig"}). In addition, an ALP activity assay demonstrated that uncoupler CCCP inhibited the benefits of BAM fragments pertaining to the osteogenic differentiation of stem cells, as indicated by the significantly reduced ALP activity in the BAM-CCCP group compared with that in the BAM group. Using confocal Raman spectroscopic imaging, we further visualized the 3D spatial structure of a typical calcium nodule in the BAM group for the first time ([Fig. 4C](#F4){ref-type="fig"}). A highly specific absorption peak was found at 960 cm^−1^ \[ν~1~(PO~4~) of apatite\] in a representative Raman spectrum. The mineralized extracellular matrix (ECM) consisted of abundant apatite localized within the protein matrix (as visualized using the C-H stretching vibrations at 2940 cm^−1^). The presence of apatite is an additional element to confirm the osteogenic differentiation of rMSCs ([Fig. 4D](#F4){ref-type="fig"}).

![Degradation fragments of BAM enhance in vitro osteogenesis.\
(**A**) ARS staining of rMSCs undergoing osteogenic differentiation for 3 weeks in vitro. Scale bar, 50 μm. (**B**) ALP activity of rMSCs undergoing osteogenic differentiation. Cells were incubated with osteogenic induction medium supplemented with PLA and BAM degradation fragments with or without uncoupler CCCP (10 μM) for 7 days. Data are determined using ALP kit and normalized by the total protein. (**C**) 3D reconstructed confocal Raman spectroscopy images of distinct peaks associated with proteins (CH~3~ stretching vibrations at 2940 cm^−1^), lipids (CH~2~ stretching vibrations at 2850 cm^−1^), DNA (1341 cm^−1^), and apatite \[ν~1~(PO~4~) at 960 cm^−1^\] in the BAM group. (**D**) Representative Raman spectra of cellular regions containing proteins, lipids, DNA, and apatite, respectively. All Raman spectra have been baseline-corrected, normalized, and offset for clarity. (**E** and **F**) Expression for runt-related transcription factor 2 (*Runx-2*), osteocalcin (*OCN*), purinoceptors (*P2X7*), and isocitrate dehydrogenase (*IDH-3*) genes as relative to PLA control. Results in (B), (E), and (F) represent the means ± SD (*n* = 3 biological repeats). Statistical analysis: One-way ANOVA with Tukey's post hoc test. \**P* \< 0.05, significant differences between BAM and PLA groups. \*\**P* \< 0.01, highly significant differences between BAM and PLA groups.](aay7608-F4){#F4}

To evaluate the involvement of the ATP signaling in the enhanced osteogenic differentiation observed in the BAM group, we measured the expression of relevant genes by real-time quantitative polymerase chain reaction (RT-qPCR). Treatments with BAM fragments significantly increased the abundance of mRNA for osteogenesis-related genes runt-related transcription factor 2 (Runx-2) and osteocalcin (OCN), as well as for the purine receptor P2X7 mRNA, when compared to the PLA control ([Fig. 4, E and F](#F4){ref-type="fig"}), suggesting that the purine receptor and ATP signaling--mediated osteogenic differentiation were also observed in this study. However, in accordance with ALP activity results, CCCP significantly down-regulated *Runx-2* and *OCN* gene expression compared with gene expression in the absence of the inhibitor, a further indication that the osteogenic differentiation stimulation by BAM fragments was suppressed by the uncoupler. Notably, the gene transcription levels for isocitrate dehydrogenase (IDH-3; a rate-limiting enzyme of the TCA cycle) were up-regulated in the BAM group, suggesting that BAM may also enhance the TCA cycle flux through facilitating mitochondrial biogenesis. Together, these results demonstrated the prominent role of the degradation fragments in promoting purine receptor--mediated osteogenesis in vitro.

In vivo bone regeneration accelerated by BAM
--------------------------------------------

Next, subcutaneous implantation of the different scaffolds in mice was conducted, demonstrating that both the BAM and PLA scaffolds only caused a mild inflammatory reaction at an early stage (at week 1). However, both Masson's trichrome staining and SEM images showed that more ECM was deposited in the pores of the BAM scaffold at a later stage (at week 12) (fig. S9). Since the PLA scaffold has similar physical properties to the BAM scaffold, it is presumably in response to the bioenergetic cues provided by the release of the fragments during in vivo degradation.

To investigate the in vivo bone repair with the BAM scaffolds, we used a rabbit femoral bone critical-sized defect (CSD) model (fig. S10). Radiographic examination revealed high-density radiopaque areas of newly formed bone connecting both ends of the defect in the BAM group 4 weeks after implantation, while no bridging was achieved for the PLA group ([Fig. 5A](#F5){ref-type="fig"}). Micro-CT scanning for the retrieved femurs was also performed to evaluate the bone volume and bone mineral density (BMD) in the region of interest (ROI). Consistent with radiographic results, regenerated trabeculae were observed within BAM scaffolds and completely bridged the defect by 12 weeks ([Fig. 5B](#F5){ref-type="fig"}). Quantitative analysis showed that significantly more bone (bone volume at the defect site) with a higher BMD was induced in the BAM group at both weeks 4 and 12 compared to the PLA group ([Fig. 5C](#F5){ref-type="fig"}). The enhanced bone repair was also confirmed by sequential scanning slices, which indicated the presence of mineralized tissue filling the defect region in the BAM group ([Fig. 5D](#F5){ref-type="fig"}). Accordingly, hematoxylin and eosin (H&E) and Masson's trichrome staining also showed that the BAM scaffolds stimulate more bone regeneration compared to the PLA control ([Fig. 6A](#F6){ref-type="fig"} and fig. S11A).

![BAM scaffold enhances bone regeneration in vivo.\
(**A**) Radiography examination of rabbit femur at week 4, indicating newly formed bone connecting both ends of the defect in the BAM group, while there was no bridging for the PLA group. (**B**) Micro-CT 3D reconstruction (left), cross-section profile (middle), and pseudo-color images (right) of the repair tissues at the defect sites treated with BAM (top) and PLA (bottom) scaffolds at week 12. Scale bars, 2 mm. (**C**) Quantitative evaluation of micro-CT data on the repair of rabbit femur CSDs in BAM and PLA groups at weeks 4 and 12. (**D**) Sequential micro-CT scanning slices of the mineralized tissue in the BAM (top) and PLA (bottom) groups after 12 weeks of repair. Slices were selected from approximately 1000 slices for each group, with a 150-slice interval between each. Scale bar, 5 mm. Results in (C) represent the means ± SD (*n* = 3 animal per condition). Statistical analysis: Unpaired two-tailed Student's *t* test. \**P* \< 0.05, significant differences between BAM and PLA groups. \*\**P* \< 0.01, highly significant differences between BAM and PLA groups.](aay7608-F5){#F5}

![Morphological and spectral assessment of repair tissue in femoral bone defects.\
(**A**) Masson trichrome staining for the regenerated bone, comparing BAM (left) and PLA (right) scaffold-induced repair after 12 weeks. NB, native bone; black squares, marrow cavity; black stars, residual implants; red arrows, new bone. Scale bar, 200 μm. (**B**) XPS, (**C**) FTIR, and (**D**) WAXD analysis on repair tissues in BAM, PLA scaffolds, and natural bone. (**E**) TG analysis of the repair tissue in BAM and PLA groups; natural bone (rabbit femur) was used as control. (**F**) Masson trichrome staining and transmission electron microscopy (TEM) micrographs for visualizing collagen at the defect region after 4 weeks (top) and 12 weeks (bottom) regeneration. TEM images at low magnification illustrate the pattern of collagen bundles, and higher-magnification images to the right depict fibrils in detail.](aay7608-F6){#F6}

Furthermore, we conducted a detailed investigation on the chemical composition and micro/nanostructure of the repair tissues at the defect sites (regenerated bone from BAM and PLA are termed RB/BAM and RB/PLA, respectively). First, x-ray photoelectron spectroscopy (XPS) analysis of RB/BAM, RB/PLA, and natural bone exhibited the typical doublet for Ca2*p* at 350.2 ± 0.3 and 346.9 ± 0.1 eV and the singlet for P2*p* at 132.8 ± 0.1 eV ([Fig. 6B](#F6){ref-type="fig"}). The N1*s*/C1*s* ratio (integral peak intensity, 0.13) for RB/BAM was higher than that for RB/PLA (N1*s*/C1*s* = 0.10; tables S1 and S2). FTIR spectroscopy ([Fig. 6C](#F6){ref-type="fig"}) revealed the presence of apatite, as demonstrated by the characteristic peak at 1050 cm^−1^, which corresponds to the PO~4~^3−^ group ([@R23]). Wide-angle x-ray diffraction (WAXD) patterns of both the RB/BAM matrix and native bone exhibited similar profiles with representative apatite diffraction peaks corresponding to the (002) plane at 25.8° and merged (211), (300), and (202) planes at 31.8° ([@R24]). Conversely, the mineral content in the RB/PLA matrix was too low to present a distinct apatite profile, as it overlaps with the broad peaks of collagen and PLA ([Fig. 6D](#F6){ref-type="fig"}) ([@R25], [@R26]). Thermogravimetric (TG) analysis was performed on dehydrated samples and compared with dehydrated freshly extracted bone ([Fig. 6E](#F6){ref-type="fig"}). The mineral content (the mass of inorganic residues remaining after heating to 600°C) ([@R27], [@R28]) for RB/BAM was approximately 65%, similar to that of native bone (\~67%) but much higher than that for RB/PLA (\~23%).

Microscopic observations of the repair tissues (RB/BAM and RB/PLA) were also performed. SEM images revealed the presence of fibrils in the tissue infiltrating the BAM scaffolds at 4 weeks after operation. Conversely, only limited fiber deposition was found in the RB/PLA matrix (fig. S11B). The fibers in the RB/BAM tissue appeared mineralized and covered by a dense mineral at week 12, which was subsequently characterized as containing Ca and P via energy-dispersive x-ray (EDX) spectroscopy. In contrast, RB/PLA constructs were dominated by the soft tissue and material residuals, which were substantially organic in composition with minimal Ca and P signals identified upon EDX elemental scanning (fig. S11C). The repair tissues were also analyzed using transmission electron microscopy (TEM). The hierarchical organization of collagen was visualized, as it serves a predominant role in biomineralization and bone formation ([@R25], [@R29]--[@R32]). TEM micrographs of the repair tissue in the BAM group retrieved 4 weeks after surgery showed that the recruited cells were surrounded by collagen fibrils ([Fig. 6F](#F6){ref-type="fig"}, top). After another 8 weeks, fibrils were closely packed, displaying a plywood-like interlaced pattern of fibril bundles, similar to the hierarchical organization found in sheep bone ([Fig. 6F](#F6){ref-type="fig"}, bottom) ([@R25], [@R33]--[@R36]). These characterization studies demonstrate that BAM scaffolds elicit the production of a mineralized matrix, with clear differences in terms of bone volume, mineral density, collagen content, and degree of mineralization compared to that observed with PLA.

To further demonstrate the therapeutic potential of the BAM scaffolds, a commercially available hydroxyapatite ceramic scaffold (CaP, Baiameng, Puchuan Biomaterials Co. Ltd) was also investigated as control using the same animal model. Micro-CT 3D reconstruction and longitudinal section images for the retrieved bone showed that most of the ceramic scaffold remained after the in vivo repair of 12 weeks, suggesting that the CaP scaffold had a relatively slow degradation profile compared to the BAM polymer. In addition, CaP ceramic exhibited only limited new bone formation in the pores compared to the BAM scaffolds. These results were further evidenced by H&E and Masson's trichrome staining for the histological sections. Since the CaP is also opaque to x-ray, it is difficult to distinguish the scaffold residual and newly regenerated bone and to calculate the bone volume and BMD. However, on analyzing the histological staining images with ImageJ, we noticed that the BAM induced notably more bone formation than the CaP scaffold when comparing the coverage of regenerated bone from areas both close to and away from the native bone between the BAM and CaP groups (fig. S12).

DISCUSSION
==========

Ample evidence has suggested that the bioenergetic state of cells (i.e., oxidative metabolism) is closely linked to tissue repair, notably via Lin28a (a highly conserved RNA binding protein implicated in development and metabolism) ([@R37], [@R38]), peroxisome proliferator--activated receptors (regulator of oxidative metabolism) ([@R39], [@R40]), or clinical topical oxygen treatment ([@R41]). Cell migration and proliferation are critical for tissue repair ([@R42]), whereby an enhancement of oxidative metabolism confers the higher bioenergetic capacities required to activate cells out of quiescence and enhance this process ([@R5]). A biomaterial-mediated bioenergetic effect has not been successfully applied in tissue repair previously.

Inspired by this, we proposed that tissue repair may be enhanced by a bioenergetic effect derived from a tissue engineering scaffold. To this end, a degradable bioenergetic material, composed of energy-active units that can be released and internalized by cells, was designed and synthesized for the repair of bone defects ([Fig. 1, A and B](#F1){ref-type="fig"}). A porous BAM scaffold was further constructed with this material through a solvent casting/particulate leaching method. PLA (a commercialized polymer approved by FDA for biomedical application) scaffold, which had a similar pore size and porosity to BAM scaffold because of the same preparation technique, served as control in the study. In vitro experiments showed that BAM scaffold can support the adhesion and growth of rMSCs, with a comparable proliferation ratio to that on the PLA scaffold within 7 days ([Fig. 2, D to G](#F2){ref-type="fig"}). These results suggested that BAM has satisfactory cytocompatibility for tissue engineering application and that the biological performances of BAM scaffolds are identical to that of PLA scaffolds in 7-day culture due to their similar chemical (i.e., surface groups) and physical properties (i.e., porosity, mechanical, and hydrophilic properties).

The rMSCs were also treated with degradation fragments released from BAM scaffolds to evaluate the potential for bioenergy production. In contrast to the biocompatibility test using the cells and scaffolds, colorimetric assays showed that the BAM fragments significantly increased the abundances of TCA metabolites ([Fig. 3, C and D](#F3){ref-type="fig"}), and JC-1 experiments further demonstrated an enhanced mitochondrial membrane potential in the BAM fragment--treated group ([Fig. 3, E and F](#F3){ref-type="fig"}). Radiography and micro-CT analysis revealed that BAM scaffold significantly induced more bone formation than PLA scaffold in a rabbit critical-sized femur defect model ([Fig. 5](#F5){ref-type="fig"}). In vivo studies also demonstrated a remarkable improvement of the BAM scaffold over a commercialized calcium phosphate (CaP) ceramic scaffold (fig. S12). These in vitro metabology and in vivo femur defect repair studies suggest that the degradation fragments rather than chemical or physical properties of the scaffolds may have contributed to the enhanced bone regeneration via a metabolism involved pathway.

Our current work provides a proof-of-concept demonstration of this material for enhancing tissue repair by elevating oxidative metabolism in a degradation-mediated manner. The net end product of the TCA cycle is oxaloacetic acid (fig. S1), which is the precursor for collagen and may promote collagen biosynthesis in vivo ([@R43]). By relying only on recruited cells and not incorporating growth factors or genes to be delivered in situ, our material is available for large-scale preparation and unlikely to pose risks of tumor formation or ectopic bone formation. In addition, the growth factor--free and gene-free material is made of simple natural organic molecules with defined chemical structure, which makes it more likely to be approved by FDA for clinical translation. Our further target is to develop the next generation of BAM that is ready for 3D printing.

The potential mechanism behind the enhanced repair ability of our bioenergetic materials was proposed. According to the literature reported previously, an increased extracellular ATP content can initiate a signaling cascade for the enhanced osteogenesis, which involves the up-regulation of purine receptors and downstream signal transduction via c-Jun at the gene level ([@R19]). Our study confirmed the pathway and further showed that BAM degradation product--mediated metabolic state (i.e., ΔΨm) enhancement participated in the process. Despite the mechanism suggested above, we have to point out that other complicated pathways may also be involved in this process, which could be clarified with more elaborate investigation by combining the isotope labeling technique with mass spectrum for the analysis of TCA process in the following studies.

Notwithstanding its limitation, our current work does suggest that the bioenergetic material developed here presents a straightforward and extraordinarily effective way to manage the energetic demands during the early stages of tissue repair. Furthermore, energy-related materials engineering technology could ultimately provide a novel, clinically relevant methodology to treat patients with bone disease and other tissue/organ injuries.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

The objective of our study was to develop an alternative to autograft bone, which consisted of energy-active units that can be released in a degradation-mediated fashion for clinically related load-bearing bone repair. Our hypothesis was that degradation fragments from BAM would be internalized by cells and enter the mitochondria to take part in TCA, enhancing cellular metabolic state and leading to robust bone regeneration in a rabbit segmental defect model. Male New Zealand albino rabbits (3 months old, 2.5 to 3 kg) were used for the study. The sample size was determined by a power analysis using Power and Sample Size Program.

In vitro cell coculture and subcutaneous implantation experiment were designed to evaluate the biocompatibility of BAM scaffold. The degradation of BAM was examined, and the component in the degradation fragments was analyzed with FTIR and ^1^H NMR. Cells were treated with the degradation fragments, and colorimetric assay kit and JC-1 were applied to study the TCA flux and cell metabolism level. The bioenergetic effect of BAM was studied for its capability to restore a critical-sized femoral bone defect. Rabbits underwent operation to remove a 15-mm segmental bone from the middle of the diaphysis. One defect was created per rabbit. Rabbits were randomly divided into three groups, and a BAM scaffold was implanted in each defect (BAM group, *n* = 3 animals). The following two groups were used as control: PLA scaffold (*n* = 3 animals) and calcium phosphate ceramic scaffold (CaP group, *n* = 3 animals). Bone repair level was assessed by micro-CT, histological staining, spectrum analysis, and electron microscopy. Animals were treated in accordance with regulations of the Institutional Animal Care and Use Committee (no. S331), and all efforts were made to minimize animal suffering. Micro-CT and electron microscopy were conducted in a blinded fashion using batch names instead of experimental group name to avoid bias. Primer sequences for related genes used in this study are listed in table S3.

Materials
---------

All chemicals were purchased from Sinopharm unless otherwise noted. PLA \[average *M*~n~ (number-average molecular weight), 10,000, PDI (polydispersity index) \< 1.1\] was obtained from Sigma-Aldrich. \[2,2,3,3-^2^H~4~\] succinate was purchased from Macklin. rMSCs, culture medium for growth and differentiation, fetal calf serum, and antibiotics were obtained from Cyagen Biosciences. All the metabolite quantitative test kits were purchased from Biovision. Oligonucleotide primers for genes studied in RT-qPCR experiments were designed and synthesized by Invitrogen. Internal fixation plates and screws for animal experiments were purchased from Youbetter Medical Apparatus Ltd. (Suzhou, China). Calcium hydroxyapatite ceramic scaffolds (CaP) were obtained from Puchuan Biomaterials Co. Ltd. (Chengdu, China), which were porous and cylindrical in shape with about 15 mm in length and 6 mm in diameter, sintered from hydroxyapatite \[Ca~10~(PO~4~)~6~(OH)~2~\] powders (batch no. 03170201). The ceramic scaffolds have a 3D interconnected porous structure (pore size ranging from 30 to 400 μm), with a porosity of approximately 70%.

Synthesis and characterization of BAM
-------------------------------------

All chemicals were used as received without further purification. For prepolymer synthesis, succinic acid and glycerin (GC) were mixed in a round-bottom flask under nitrogen at a molar ratio of 1:1. The mixture was heated to 80°C while stirring to form a homogeneous phase. After adding 10 ml of toluene as a water-carrying agent, the mixture was stirred at 160°C for 6 hours, followed by continued stirring under vacuum (5 kPa) for another 2 hours to obtain a colorless semisolid poly(glycerol succinate). To tune the hydrophilicity and degradability of the resulting polymer, a fraction of the GC in the reaction system (molar ratio, 0, 20, or 40%) was substituted with ethanediol, yielding a series of derivatives (referred to as PGES100, PGES80, and PGES60, respectively). After cooling to room temperature, the products were dissolved in acetone, precipitated in distilled deionized H~2~O (ddH~2~O), freeze-dried under vacuum, and dissolved in anhydrous acetone (0.3 g/ml) for analysis and further reaction.

For film preparation, the PGES prepolymer and hexamethylene diisocyanate mixture was poured into a quartz dish. After reaction in a vacuum oven at 80°C overnight, the film was obtained. For a typical BAM scaffold preparation, hexamethylene diisocyanate (37.8 mg, 0.225 mmol, 0.25 equivalent relative to −OH in PGES) was added to a stirred solution of PGES (1 ml, 0.25 mmol) in acetone. The mixture was poured into a polypropylene mold (6 mm in diameter and 15 mm in depth) containing sodium chloride particles (200 to 300 μm in size), previously exposed to 95% humidity for 15 min to fuse the particles and create an interconnected sacrificial network. The mixture was incubated overnight at 80°C, and the solidified construct was immersed in ddH~2~O to dissolve the sodium chloride particles until no chloride ion was detected to reveal a porous construct (6 mm in diameter and 15 mm in height). For comparison, PLA scaffold was also prepared using the solvent casting/particulate leaching method, with the same salt particles (size, 200 to 300 μm) as the porogen, resulting in a porous scaffold with similar morphology (i.e., pore size and porosity) to that of the BAM scaffold.

FTIR and ^1^H NMR spectroscopy were used to confirm the chemical structure of the polymer. SEM was used to carry out surface morphology characterization of the BAM scaffolds using a FEI Nova 200 electron microscope (FEI Nova 200). Hydrophilicity was determined by water contact angle measurement.

Ex vivo degradation
-------------------

For in vitro degradation of BAM porous scaffolds, samples (*n* = 3) with an initial weight of about 600 mg (*W*~*0*~) were immersed in 50 ml of PBS at 37°C. At predetermined time intervals (2, 4, 8, and 12 weeks), samples were taken out, washed with ddH~2~O, dried in vacuum at 80°C for 2 days, and then weighted (*W*~*1*~). The percentage mass remaining was calculated as *W*~*1*~/*W*~*0*~ × 100%. The PBS degradation fluid at 12 weeks was collected and lyophilized for the following cell culture experiment. The obtained powders were dissolved in a determined amount of ddH~2~O (1 ml) according to the weight loss at week 12 (\~300 mg), giving a 100× concentrated stock. TM was prepared by 100 times diluting the stock with Dulbecco's Modified Eagle Medium (DMEM). PLA concentrated stock was prepared using the degradation fluid at week 12 (weight loss \~60 mg). The 100 times concentrated PLA stock was obtained by lyophilizing the PLA fluid and redissolving in 0.2 ml of ddH~2~O. The PLA test medium was prepared by 100 times diluting the stock with DMEM.

Cell experiments
----------------

The rMSC line was obtained from Cyagen Biosciences, which had been tested negative for mycoplasma contamination and authenticated by the manufacturer with flow cytometry analysis (positive for CD90, CD44, and CD29 and negative for CD34, CD45, and CD11b/c) before delivery. The cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin and maintained phenotype over the duration of our studies (ability to differentiate). Cells between passages 3 and 10 were used for in vitro cytocompatibility, metabolism, and differentiation assays.

BAM and PLA porous scaffolds and films were sterilized with ^60^Co gamma irradiation, washed thrice for 30 min each with PBS, and subsequently immersed in DMEM overnight. The rMSCs were seeded on the scaffolds and films at a cell density of 500,000 and 10,000 cells/ml, respectively. The culture medium was changed every 3 days.

Cell viability was analyzed by fluorescein diacetate/propidium iodide LIVE/DEAD staining. Following attachment, cells were allowed to grow on the scaffolds for up to 7 days. After that, the cells were washed with PBS and incubated for 30 min in the presence of culture medium with fluorescein diacetate (10 g/ml) and propidium iodide (5 g/ml). Stained samples were observed on CLSM (Olympus, Japan).

Samples were fixed with 4% paraformaldehyde solution for 10 min. After rinsing with PBS, the sample was immersed in 0.5% Triton X-100 solution for an additional 10 min, cell cytoskeletons were stained with fluorescein isothiocyanate--labeled phalloidin (Beyotime, China) for 30 min, and cell nuclei were counterstained blue by 4′,6-diamidino-2-phenylindole (Beyotime, China) for 10 min. Cellular morphology on the sample surface was observed with CLSM (FV 500, Olympus). Samples were also fixed, dehydrated, gold-sputtered, and examined by SEM.

For bioenergetics study, cells were treated with different TM for a determined time. After that, the cells were washed twice with PBS and lysed, and the concentrations of the metabolites were determined using the quantitative test kits (Biovision, USA) according to the manufacturer's instructions. The intracellular ATP contents were determined with an ATP colorimetric assay kit according to the supplier's instructions (Sigma-Aldrich, USA). For FACS study, the TM-treated cells were washed with PBS and incubated with JC-1 (Everbright, USA) following the manufacturer's instructions. Cell sorting was carried out on a flow cytometer (FC-500, Beckman, USA). To verify the effect of degradation fragments on energetic metabolism, a respiratory chain inhibitor was used for the bioenergetics study. An uncoupler CCCP was added to the TM (20 μM). After the cells were incubated with the aforementioned TM for 6 hours, the ΔΨm and intracellular ATP level were also determined, as previously described.

Stable isotope and LC-MS
------------------------

To track the influx of the degradation fragments, stable isotope--labeled BAM was prepared with the same protocol as described above using \[2,2,3,3-^2^H~4~\] succinate as the diacid in the esterification reaction. Followed by a 4-week degradation period, the isotope-labeled BAM fragments were prepared as described before. After incubation with the fragments for 6 hours, the rMSCs were washed with PBS, and the intracellular metabolites were extracted with a lysis buffer \[50% methanol, 30% acetonitrile, and 20% water, with Hepes (100 ng/ml)\]. The samples were collected and spun at 13,000*g* for 15 min. The supernatant was used for subsequent LC-MS analysis. The samples were kept on ice throughout the procedure. LC-MS analysis was performed on a QExactive Mass Spectrometer coupled with an Ultimate 3000 UPLC (Thermo Fisher Scientific). For LC, the mobile phase was composed of acetonitrile (solvent A) and 0.1% formic acid (v/v) in water (solvent B). The mass spectrometer was operated in negative ion electrospray ionization mode. The abundance of metabolites was determined by calculating the respective integral areas {*m*/*z* (mass/charge ratio) 121 for \[^2^H~4~\] succinate and 117 for unlabeled succinate}.

In vitro osteogenic differentiation
-----------------------------------

After rMSCs were maintained in OM \[DMEM supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) penicillin/streptomycin, 10 mM β-glycerophosphate, 0.2 mM ascorbic acid, and 10 nM dexamethasone\] for up to 21 days, the cell cultures were rinsed with PBS. To examine the importance of energy metabolism levels for osteogenesis, we also carried out the differentiation experiments using OM supplemented with BAM fragments and CCCP (10 μM). ALP activity in cells at day 7 was tested using *p*-nitrophenyl phosphate assay kit (Wako, Japan) according to the manufacturer's instructions. The total protein contents within the same samples were determined using a Micro BCA protein assay kit (Thermo Fisher Scientific, USA). The ALP activity (μmol min^−1^ mg^−1^ protein) was determined using the amount of generated *p*-nitrophenyl phosphate (μmol) divided by the total protein content (mg) and time (min). Cultures selected for ARS staining were fixed in 4% (w/v) paraformaldehyde for 10 min, stained with 2% (w/v) ARS in ddH~2~O for 10 min, rinsed again in PBS, and dried for phase contrast microscopy observation. Cells were also observed using confocal Raman spectroscopy after fixation, and gene expression was evaluated by RT-qPCR.

Real-time qPCR
--------------

Differentiated cell samples were lysed in TRIzol. After mRNA was extracted, it was reverse transcribed using a RevertAid First Strand cDNA Synthesis Kit and amplified on PCR (Bioer Technology, China) using a Thunderbird SYBR qPCR Mix (Toyobo, Japan). Primers for osteogenic, purinoceptor, and metabolism-related genes were designed and synthesized by Invitrogen Biotechnology Co. Ltd., and the sequences are provided in table S3. Relative gene expression was normalized against the housekeeping gene β-actin calculated using the ΔΔ*C*t method. Data are presented as the mean relative expression ± SD normalized by the expression of β-actin.

Confocal Raman spectroscopy
---------------------------

Confocal Raman spectroscopy was performed using a 532-nm laser excitation Raman system (alpha300R+, WITec, Ulm, Germany). The *z*-stacked Raman images were acquired using a 63×/1.0 numerical aperture water immersion microscope objective lens (W Plan-Apochromat, Zeiss, Oberkochen, Germany). The scattered light was directed to the spectrometer via a 25-μm low OH silica fiber also acting as a pinhole that enables confocal imaging. A 600 groove/mm grating imaging spectrograph (UHTS 300, WITec, Ulm, Germany) was used, which allowed us to cover a spectral range of 0 to 3700 cm^−1^. Raman spectra were acquired using a thermoelectrically cooled back-illuminated charge-coupled device camera (Newton DU970N-BV-353, Andor, Belfast, UK). Each Raman spectrum was measured using 40-mW laser power at the sample with 0.2-s integration time. Imaging of the nodule was performed in "stack" mode by measuring 20 layers with 2-μm increments in the *z* direction spanning the entire nodule volume. Each *x*-*y* section of a Raman image covers \~160 μm by 120 μm, giving an overall spatial resolution of 2 μm.

3D biomolecular reconstruction
------------------------------

A total of *n* = 101,680 Raman spectra were measured from the nodules. Each Raman spectrum was first baseline-corrected in the spectral range 500 to 3700 cm^−1^ using a second-order constrained polynomial (this was done in Control Four, Witec, GmbH). We reconstructed the 3D biochemical images using distinct peaks associated with proteins (CH~3~ stretching vibrations at 2940 cm^−1^), lipids (CH~2~ stretching vibrations at 2850 cm^−1^), DNA (1341 cm^−1^), and hydroxyapatite \[ν~1~(PO~4~^3−^) at 960 cm^−1^\]. We selected an arbitrary threshold value to remove the background signal and better visualize the individual biomolecules. 3D reconstructions were performed in Icy (BioImage Analysis Unit Institut Pasteur, France).

Subcutaneous implantation
-------------------------

Chinese Kun Ming mice (3 months old, 25 to 30 g, all male) were obtained from the Experimental Animal Centre of Hubei Province, Wuhan, China. The animals were treated in accordance with regulations of the Institutional Animal Care and Use Committee at Huazhong University of Science and Technology (no. S331), and all efforts were made to minimize animal suffering.

Before implantation, BAM and PLA scaffolds were ^60^Co gamma-irradiated at a dose of 10 kGy. After the mice were anesthetized with 0.2 ml of sodium pentobarbital \[1% (w/v)\], an incision in the skin at the back of the mice was created, and the porous BAM and PLA scaffolds were subcutaneously implanted (two mice for each group and four mice in total). At week 12, the mice were euthanized, and samples were explanted. Harvest scaffold was washed with PBS, fixed in 4% (w/v) paraformaldehyde, and subjected to histological staining. For SEM characterization, the samples were dehydrated in increasing concentrations of ethanol (30, 50, 70, 90, 95, and 100% for 0.5 hours each) and freeze-dried at −55°C for 2 days.

Bone defect model
-----------------

Male New Zealand albino rabbits (3 months old, 2.5 to 3 kg) were purchased from the Experimental Animal Centre of Hubei Province in China. All animals were kept at 25°C under a 12-hour light/12-hour dark cycle and had access to food and water ad libitum. Rabbits were anesthetized under sodium pentobarbital \[3.5% (w/v), 1 ml/kg\], and all efforts were made to minimize animal suffering. The lateral skin of the left hindlimb was shaved, and a longitudinal incision was performed. The quadriceps muscles were retracted to expose the entire femoral diaphysis. The periosteum was stripped from the bone with a periosteal detacher. Using an oscillatory saw, a 15-mm-long bone segment of the femur was removed from the middle of the diaphysis to create a CSD model. Both sides of the osteotomy site were fixated with a six-hole steel plate and four bicortical screws and subsequently reinforced with wires. One defect was created per rabbit, and each defect was filled with one scaffold. Rabbits were randomly divided into three groups, namely, BAM, PLA, and CaP groups (*n* = 3 animals per group). Following sterilization by washing the wound with gentamicin saline (5000 U/ml), the incision was closed with stitches. The rabbits were allowed to move freely, and no infection or early death occurred.

Radiography and micro-CT
------------------------

Plain x-ray images were obtained using a radiographic system to evaluate repair (Kodak 850 CR, USA). After rabbits were anesthetized at 12 weeks postoperatively, the standard lateral radiographs of femurs were captured, with the exposure conditions set as 50 kV and 12 mA. The rabbits were euthanized after the radiographic examination, and the femurs were retrieved and fixed in 4% (w/v) buffered paraformaldehyde before subjected to micro-CT test in a poly(methyl methacrylate) holder. Micro-CT analysis was conducted in a blinded fashion using batch names instead of experimental group name to avoid bias. The scans were performed on a Micro-CT 50 scanner (Scanco Medical AG) operated at an x-ray beam energy of 70 kV and an intensity of 109 μA, with an isotropic resolution of 15 μm (at high-resolution mode). After scanning for each sample, the 2D slices acquired were binarized using a Gaussian filter and stacked into the 3D model. The ROI at the defect site was segmented using a global threshold of 375 mg HA/cm^3^. Bone volume within ROI was calculated by summation of the voxels representing "bone," while BMD was calculated as the mean density value of the voxels in the segmented region.

Ex vivo spectroscopy evaluation
-------------------------------

The bone/implant samples were fixed, washed, and freeze-dried for spectroscopic analysis. Native femoral bone was also used as a positive control for the experiment. A preliminary composition analysis was carried out on a TG analyzer (PerkinElmer Instruments) by heating the predried matrices from room temperature to 500°C with a heating rate of 10°C/min under dynamic nitrogen atmosphere.

XPS was performed to generate an elemental analysis on a Thermo ESCALAB 250 X-ray photoelectron using monochromatized Al Kα radiation. The emission of photoelectrons was analyzed at a take-off angle of 90°C under ultrahigh vacuum conditions, and the binding energies were calibrated on the C1*s* signal corresponding to carbon in a hydrocarbon environment to 285.0 eV. Quantification was performed by normalization using Scofield's relative sensitivity factors.

For chemical constituent determination, FTIR spectra were performed using a Bruker Vertex 70 FTIR spectrometer with an attenuated total reflection attachment scanning at room temperature from 500 to 4000 cm^−1^. WAXD was applied to further confirm the mineral content in the repair tissues, which were ground into powder and placed directly in the vacuum chamber beam. Scans were performed with an X'Pert Pro diffractometer (PANalytical B.V.) using Cu Κα radiation source. The data were collected in the 10° to 60° range (2θ) with a scanning speed of 5°/min.

Ultrathin sectioning and TEM
----------------------------

Samples were fixed with 2.5% (w/v) glutaraldehyde, and the repair tissues were post-fixed in a 2% (w/v) osmium tetroxide solution, dehydrated with a gradient of ethanol solutions, and embedded in epoxy resin. Ultrathin sections were prepared by cutting with an ultramicrotome at a thickness of 80 nm. Following electron staining in a 4% (w/v) uranyl acetate solution, the sections were analyzed on a Tecnai G20 TWIN electron microscopy (FEI) operating at 100 kV. Images were taken from randomly selected areas by a blinded personnel using batch names instead of experimental group name for the samples.

Histological staining
---------------------

For histological staining, the samples were fixed in 4% (w/v) buffered paraformaldehyde, decalcified in 15% (w/v) EDTA for 4 weeks, dehydrated through a graded series of ethyl alcohols, replaced by xylol, embedded in paraffin, and longitudinally sectioned at 5 μm thickness using a microtome. The slides were then stained with H&E and Masson's trichrome to analyze the tissue morphology. The quantitative analysis of bone coverage in H&E staining was performed with ImageJ (*n* = 3 animals per condition), and detailed procedures were provided in the Supplementary Materials.

Image analysis
--------------

For quantitative analysis on bone tissue H&E sections, one representative image from areas close to native bone (closely adjacent to native bone) and one representative image from areas away from native bone (more than 5 mm away from native bone) were taken from each section for analysis (*n* = 3 animals per condition).

Images were imported into the National Institutes of Health software ImageJ and processed into 2-bit files. After thresholding, the images were ready for calculation. Cell nuclei were stained purple, while cytoplasm and ECM were stained red in H&E staining images. Consisting of abundant collagen fibers, the newly regenerated bone tissues were more densely stained by eosin (red). As a result, the thresholding area represented the new bone, and the bone coverage was determined using the command "Analyze → Measure".

Statistical analysis
--------------------

All quantitative data were expressed as mean ± SD. Normality and equality of variance were tested before a statistical test. The unpaired Student's *t* test was used for data analysis between two groups. One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used for multiple comparisons. \**P* \< 0.05 was considered significant, and \*\**P* \< 0.01 was considered highly significant. The sample size was determined by a power analysis using Power and Sample Size Program.
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Fig. S1. Schematic illustration of the establishment of a bypass in the TCA cycle by uptake of succinate resulting from the hydrolysis of degradation fragments.

Fig. S2. Spectrum characterization for the prepolymers synthesized in this study before cross-linking.
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Fig. S5. In vitro degradation of BAM and PLA scaffolds in PBS.
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Fig. S7. LC-MS analysis for the succinate content in rMSCs.

Fig. S8. Fluorescent images of JC-1 staining for mitochondrial membrane potential.

Fig. S9. Masson's trichrome staining and SEM images of BAM and PLA scaffolds after subcutaneous implantation.

Fig. S10. The construction of a critical-sized segment defect in rabbit femur.

Fig. S11. H&E staining, SEM, and EDX elemental scanning for the analysis of bone regeneration.

Fig. S12. Micro-CT, histological staining, and quantitative analysis of bone repair in BAM, PLA, and CaP scaffolds.

Table S1. XPS quantification for RB/PLA sample retrieved from defect area.

Table S2. XPS quantification for RB/BAM sample retrieved from defect area.
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